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Abstract 
In this paper, the laser induced defects that result from a picosecond laser ablation (wavelength 355mm) of passivating SiO2 and 
SiNx layers on textured silicon surface are investigated for various laser fluence ranging from 0.48J/cm2 to 1.43 J/cm2. In the first 
part of this paper, we employ the Wright etching technique to identify and quantify thermally propagated dislocations as one of 
the resulting defects as a function of the laser fluence. Dislocations densities in the order of 4 - 13 x 106 cm-2 are measured. The 
second part of the paper takes a closer look at the impact of laser induced defects on the effective lifetime and surface 
recombination current. By comparing both parameters on structures with laser ablation and photo-lithography to pattern the 
dielectric, it is observed that dislocations formed during the laser ablation process do indeed enhance minority carrier 
recombination within the silicon wafers. The recombination current at the laser ablated area, for a moderate laser power, is shown 
to be four times larger than in the case of using lithography. 
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1. Introduction 
Laser processing is very useful and versatile tool for the fabrication of high efficiency solar cells. There are many 
opportunities laser processing offers, for example laser texturing [1], laser annealing [2], laser doping [3]. Among of 
them, laser ablation with ultra-shot pulses is a promising way to reduce the cost compare to photo-lithography and 
particularly suitable for industrial processing of high-efficiency solar cells, such as for laser opening of dielectrics 
on top of an emitter prior Ni/Cu plating [4]. However, the critical aspect is laser induced-damage. This damage can 
cause high saturation current densities in the emitter and increases the risk junction recombination or shunting. 
Therefore it is important to understand how laser ablation generates damage in the emitter and to quantify the impact 
on the electrical properties of the silicon wafer. There are several studies about the laser ablation induced damage in 
the silicon and its impact on the cell performance [5,6], however from our knowledge, there is still a lack in 
understanding what kind of damage occurs and how it is created.  
In this work, laser ablation of SiNx on p-type crystalline Si wafers was investigated. The effect of different laser 
fluence or energy density from a ps-laser was studied. We identify the laser–induced damage and also exam the 
electrical impact of this damage on Si wafers. A comparison between laser ablation and wet etching will be made. 
2. Experimental details 
In this work, large area (156x156mm2) p-type, 1-3Ω.cm, magnetic CZ Si wafers, with starting thickness of 
180μm, were used. After random pyramid texturing for the front and polishing of the rear side, the wafers were 
processed according the process sequence given in Fig.1a. The wafers were used with 2 separate aims: (i) defect 
visualization (Figure 1(a) left) and (ii) quantify recombination current (Figure 1(a) right). 
 
  
 
 
   
 
 
 
 
 
 
 
 
Fig. 1. (a) Process sequence of test samples for the defect characterization; (b) Schematic of the sample showing applied laser pulse energy 
density. 
 
Prior to POCl3 diffusion, the silicon wafers were subjected to a full RCA clean in order to remove organic and 
metallic contamination before the fabrication process. A HF 2% was applied to remove phosphorus silicate glass. 
Then the wafers were cleaned by SPM/HF before oxidation. After thermal oxidation, this resulted in a 1μm deep 
emitter with a sheet resistance of 120Ω/sq. Afterwards, the POCl3 diffused emitter was passivated with a PECVD 
SiNx:H layer. Subsequently, the wafers were processed in two separate experiments as following: 
In a first experiment, the front laser ablation was performed by using a ps-laser (wavelength of 355mm) with 
various laser fluence: 0.48J/cm2, 0.63J/cm2, 0.72J/cm2, 0.96J/cm2 and 1.43J/cm2. A schematic of the sample is 
shown in Fig.1b.  A standard Wright [7] etch solution was used as defect etching chemical. This Wright etch 
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solution was made from concentrated HF + Cr2O3 + H2O in a ratio of 1:0.5:1 and throws in 0.5 unit concentrated 
HNO3, 2gr of Cu(NO3)2.3H2O and 1 unit CH3COOH. Then the Scanning electron Microscope (SEM) was used to 
visualize and quantify the laser induced-damage. 
In a second experiment, wafers were also passivated with a SiNx:H layer on the rear side in order to have a 
symmetrical structure with a double sided emitter and passivation layer to investigate the recombination current. 
Both ps-laser and photo-lithography methods were used to open dots with different open area fractions. The total 
recombination current (Jo,tot) has been quantified using quasi-steady-state photoconductance-calibrated 
photoluminescence (QSSPC-PL, BT Imaging). The Jo,abl in the laser ablated region and Jo,litho in the lithography 
patterned area were extracted using the method as suggested by Deckers et al [8]. Following this method, in high 
injection level, Jo,tot can be extracted from the slope of ͳ ߬௘௙௙Τ  as a function of injection level (equation (1)). After 
correction for auger recombination, effective lifetime for the bulk ߬௕௨௟௞ is assumed to be constant with injection 
level [9,10]. Therefore, Jo, open in the opened area (which is either Jo,abl or Jo,litho) and Jo, pass in the passivated area 
can be extracted from Jo,tot versus the fraction of open area (Copen) irrespective of the relative magnitude of bulk 
recombination and recombination at the passivated surface (equation (2)). 
 
 
                                           (1) 
 
 
                                                                                                                                                                                 (2) 
                                                                                                  
3. Results and discussion 
3.1. Defect visualization  
In a first experiment, the dielectric was either ablated by ps laser or patterned by photolithography. SEM images 
were taken for both cases, before and after Wright etching. The results are collected in Fig.2. It is obvious from 
fig.2a that the silicon surface was molten after laser ablation at 0.63J/cm2.  Fig. 2b to fig. 2e shows the silicon 
surface after Wright etching for laser ablated samples at 0.48J/cm2, 0.63J/cm2, 0.96J/cm2 and 1.43J/cm2 respectively. 
As can be seen from these images, quite some pits in the Si surface are visible indicating induced defects from laser. 
The presented type of defects caused by laser ablation are dislocations [11,12,13]. The dislocations are mostly 
formed at the pyramid tips what can be simply explained by the fact that the pyramid tip absorbs more energy from 
the laser beam compared to a flat surface. Most of the pits have a square shape at low laser pulse density (fig. 2b and 
fig. 2c) and start overlapping/distorting when the laser fluence increases to 0.96J/cm2 and 1.43J/cm2 (fig. 2d and fig. 
2e). For the wafer patterned by lithography, the surface looks very smooth and no defects are observed after Wright 
etching (fig. 2f). 
 
In order to quantify the defect density, 3 wafers for each laser fluence were used. After wright etching, the SEM 
pictures were taken at different positions as well. This allow us to have the average defect density as given in Table 
1. As can be seen from the table, for all laser conditions, the defect density is higher than 106 cm-2 and increases with 
increasing laser pulse densities. When the soft laser (0.48J/cm2) was applied the defect density is lowest (Ͷ ൈ
ͳͲ଺ܿ݉ିଶ), however, with such laser power the ablated area is only partly opened which would lead to a contact 
resistance issue after Ni/Cu metallization. While the defect density is quite stable for a laser fluence from 0.63J/cm2 
to 0.72J/cm2, it increases again for higher influence of 0.96J/cm2 and 1.43J/cm2. From this point of view, optimal 
laser fluence is in the range of 0.63J/cm2 to 0.72J/cm2 since the defect density is still limited while at the same time 
a completely opened area is achieved.  
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Fig.2. SEM top view surface morphology: (a) after laser ablation-0.63J/cm2; (b), (c), (d), (e) after laser ablation at fluence 0.48J/cm2, 0.63J/cm2, 
0.96J/cm2, 1.43J/cm2 respectively and Wright etching; (f) after Photo-lithography and Wright etching.  
 
3.2. Impact of laser-induced defects on minority carrier recombination 
In the second experiment, wafers which have a symmetrical structure were opened by either photo-lithography or 
ps-laser ablation at 0.63J/cm2 with different open area fractions [7]. The Jo,tot, total recombination current was 
extracted from QSSPC-PL measurement at ͳ ൈ ͳͲଵ଺ܿ݉ିଷ. Results of Jo,tot versus open fraction are shown in Fig.3. 
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Table 1. Defect density after Wright etching for different laser conditions and a reference sample. 
Method 
Laser pulse energy density 
(J.cm-2) 
# samples Average defect density (×106cm-2) 
Photo-lithography  1 0 
Laser ablation 
0.48 3 4±1 
0.63 3 7±2 
0.72 3 7±1 
0.96 3 10±2 
1.43 3 13±1 
 
  
By applying the equation (2) for our structure, the Jo,abl and Jo,litho (Jo,open in discussion below) at the open area can 
be calculated from following equation: 
 
ܬ௢ǡ௧௢௧ ൌ ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧ ൅ ܬ௢ǡ௣௔௦௦ǡ௥௘௔௥ ൅ ܥ௢௣௘௡ሺܬ௢ǡ௢௣௘௡ െ ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧ሻ                                                              (3) 
 
ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧  and  ܬ௢ǡ௣௔௦௦ǡ௥௘௔௥  are saturation current densities at the passivated front surface (textured) and rear 
surface (polished) while ܥ௢௣௘௡ is the open fraction. ܬ௢ǡ௢௣௘௡ െ ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧ can be extracted from the slope of  ܬ௢ǡ௧௢௧ 
versus open fraction and ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧ ൅ ܬ௢ǡ௣௔௦௦ǡ௥௘௔௥  can be extracted from the intercept of ܬ௢ǡ௧௢௧ versus open fraction 
with the ܥ௢௣௘௡ ൌ Ͳ axis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Total recombination current vs open fraction (openings made either by litho+wet etching or ps-laser at 0.63J/cm2) opened by lithography 
and ps-laser at 063J/cm2. 
 
Fig.3 shows ܬ௢ǡ௢௣௘௡ െ ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧ of 3000fA/cm
2 for laser ablation case and 700fA/cm2 for the lithography case. 
The extracted ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧ ൅ ܬ௢ǡ௣௔௦௦ǡ௥௘௔௥  is 40fA/cm
2 and 30fA/cm2 for laser ablation and lithography, respectively. 
Which means ܬ௢ǡ௢௣௘௡ െ ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧  is more than an order of magnitude higher than the ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧ . Therefore, 
ܬ௢ǡ௢௣௘௡ െ ܬ௢ǡ௣௔௦௦ǡ௙௥௢௡௧  is approximately equal to ܬ௢ǡ௢௣௘௡ . To sum up, from above discussion, the Jo,abl is about 
3000fA/cm2 while the Jo,litho is four times smaller (~700fA/cm2). This data proves that the dislocations generated 
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from laser ablation can act as a recombination center and drastically reduce the effective lifetime in the Si wafers by 
increased recombination from laser ablation damage.   
3.3. Re-passivated experiment and PL data  
In order to know whether the damage induced by laser ablation is still visible if the open areas are re-passivated, 
the original passivation layers have been removed by HF followed by deposition of new SiNx layers. The resulting 
PL images are shown in Fig.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. PL images of (a) after lithography and wet etching (left) and after re-passivated (right), (b) after laser ablation (left) and after re-passivated 
(right). 
  
As the PL images present, the damage induced during laser ablation process remains when the passivation is 
removed and the surface is re-passivated with SiNx. This is not the case for the photo-lithography samples, 
indicating a recombination effect for the laser ablated cases. Note that, the sample after lithography and wet etching 
looks worse, which is because of it has higher open fractions compared to the laser ablated sample. 
4. Conclusions and outlook 
The damage induced by ps-laser ablation of dielectric on a 1μm, 120Ω/sq, n+ emitter has been visualized and 
quantified for different laser fluence values. The dislocation density increases with increasing laser pulse energy 
density from 0.48J/cm2 to 1.43J/cm2, while there are no defects found when using photo-lithography followed by 
wet etching for opening the passivation layer. Comparing Jo,abl and Jo,litho confirms that defects formed during laser 
ablation process do indeed increase minority carrier recombination within the Si wafers. The recombination current 
at the laser ablated area, for a moderate laser fluence, is shown to be four times larger than in the case of using wet 
etching. Additionally, the damage generated during laser ablation process remains when the wafer was repassivated 
while this is not the case for the lithography samples.  
The next step of this work is to investigate the depth of the dislocations and if possible, mitigate their formation 
or influence. A first evaluation of the defect depth indicates most of the dislocations induced by a laser fluence 
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smaller than 0.96J/cm2 are generated in a layer with a depth of less than 0.5μm. When the energy density is larger 
than 0.96J/cm2, the formed dislocations extend into the silicon bulk. 
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